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line. ~wo.d~me~s~~flal echocardio es of the left ven- 
euronary arten y to generate tome-~ate~s~ty curves. 
The study of myocardial tissue perfusion is still an elusive 
goal in the clinical setting, and all available methods have 
significant limitations. Coronary arteriography provides in- 
formation only on the anatomy of epicardial coronary ves- 
sels (I 1. Similarly, Doppler catheters measure coronary flow 
velocity in the largest coronary arteries without exploring 
the downstream tissue perfusion (2). Thallium scintigraphy 
is being semiquantitative and myocardial thallium uptake 
also reflects the metabolic/histologic state of cells (3). 
Positron emission tomography accurately measures myocar- 
dial tissue perfusion (4); however, high costs and complex 
organization limit its use. 
In the last decade, efforts have been made to quantify 
myocardial perfusion by two-dimensional contrast echocar- 
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diography. The effects of experimental coronary stenoses on 
myocardial perfusion were initially evaluated, and a pro- 
longed myocardial contrast echo disappearance rate (“wash- 
out”) was found with increasing stenosis severity (5). The 
influence of different coronary blood flow rates on myocar- 
dial echo contrast washout was also studied: a shortening in 
washout with coronary hyperemia and a prolongation with 
coronary underperfusion were experimentally demonstrate 
(6). These results were also confirmed in the clinical setting, 
where a prolonged mvocardial washout of contrast medium 
was found in patients with severe coronary stenoses (7). 
However, the correlation between myocardial contrast 
washout and coronary blood flow appeared to be weak. This 
weak correlation was later confirmed, whereas a 
relation was found between specific corclary blao 
the width of time-intensity curves fitted by a gamma variate 
function (8). 
In view of the clinical relevance of quantifying myocar- 
dial tissue perfusion and the growing clinical applications of 
contrast echocardiography (9-161, this study was under- 
taken to evaluate the relation between coronary blood flow 
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and several variables derived from myocardial contrast 
echocardiography. Recently, the pressure dependence of
echocardiographic contrast agents was demonstrated 
(17,18). Specifically, an increase in the surrounding pressure 
was shown to reduce the diameter of microbubbles. Because 
the echo contrast effect is related to the diameter of bubbles 
(lY), changes in the surrounding pressure may inAuence the 
intensity of the contrast effect. Therefore, an additional 
purpose of this study was to evaluate the relation between 
contrast echocardiographic variables and coronary perfusion 
pressure. 
General pr~p~r~~~on. Adult male or femtale mongrel dogs 
(n = a), weighing 19 to 25 kg were premeditated with 
morphine sulfate (2.5 mglkg body weight subcutaneously) 
and anesthetizerl with alpha-chloralose (IO0 mgkg intrave- 
nously). The dogs were intubated with an endotracheal ruhe 
and were ventilated with oxygen-enriched room air by a 
positive-pressure respirator {Harvard model 613) so that 
arterial oxygeu tension was maintained at 90 mm Hg and 
carbon dioxide tension at 30 to 40 mm Hg. The anesthesia 
was maintained by supplemental injections of 500 mg of 
alpha-chloralose, as needed. The metabolic acidosis associ- 
ated with chloralose anesthesia was prevented by bolus 
injections of 8.4% sodium bicarbonate, as required. A 
pressure-tip catheter (Millar 7”) was inserted into the ab- 
dominal orta through the right femoral artery. Atrioventric- 
ular heart block was produced by formaldehyde (37%) 
injections, as described by Ito and Feigl(20), and the heart 
was paced by a pacing wire positioned in the right ventric- 
ular apex. A left thoracotomy was performed at the fourth 
intercostal space, the pericardium excised and the heart 
suspended in a pericardial cradle. The left circumflex coro- 
nary artery was dissected free from the surrouuding tissues, 
and a double-lumen steel cannula was inserted into the 
vessel (Fig. I!. The dogs were given heparin sodium 
(1,008 I!@ intravenously) before coronary artery cannula- 
tion. The left circumflex coronary artery was perfused by a 
well calibrated roller pump (Sarns) through one lumen of the 
cannula. Arterial blood from the left femoral artery was used 
as the perfusion source and was maintained atbody temper- 
ature by a thermostat system posittoned along theextracor- 
poreal circuit. Coronary flow was monitored by an electro- 
magnetic flow transducer (Zepeda Instruments SWF-4RD). 
Coronary artery pressure was measured at the tip of the 
canauk through astrain gauge manometer (Statham P23 ID). 
A mixing chamber was positioned immediately above the 
coronary artery cannula. A partial right thoracotomy was 
also rzrformed to facilitate the echocardiographic examina- 
tic&r. Before and during injection of the contrast agent, 
coronary blood flow, coronary pressure, aortic pressure and 
two electrocardiographic (ECG) leads were monitored and 
recorded on paper at a speed of 25 mm/s. 
Figure 1. Drawing of the experimental model. A double-lumen steel 
cannula was inserted into the left circumflex coronary artery. One 
lumen of the cannula was used to perfuse the vessel, the other to 
measure coronary blood pressure (CBP). Coronary blood flow 
(CBF) was measured by an electromagnetic Wow meter (BMF). A 
mixing chamber iM) was positioned between the coronary canaula 
and the injection point. Adenosine (ADN) was continuously infused. 
Xntracoronary adenosine in~nsion. After coronary cannu- 
lation, adenosine was continuously infused into the circuit 
by means of a perfusion pump at pharmacologic doses 
rauging from 0.6 to 1.8 mglmin. To test the eficacy of the 
adenosine dose ir abo!ishing coronary autoregulation, coro- 
nary perfusion was itopped for 20 s: the lack of hyperemic 
response when perfusion was restored was considered to 
reflect maximal v sodilation, If moderate coronary hyper- 
emia occurred, the dose of adenosine was increased and the 
coronary perfusion was again stopped. 
Echocardiographic examination. Two-dimensional echo- 
cardiograms were obtained by using a commercial sector 
scanner (77020, Hewlett-Fackard) operating at 5.0 MHz. The 
transducer Jvas positioned on the right ventricle by way of 
the right thoracotomy, and a short-axis view of the left 
ventricle was obtained (Fig. 2). Gain setting controls were 
adjusted to obtain optimal images at the onset of the exper- 
iment and were maintained constant throughout the duration 
of the study. Echocardiographic images were recorded on a 
0.5in. (1.27 cm) VHS videotape recorder for subsequent 
playback and analysis. 
Echocardiographie contrast agent. Sonicated iopamidol 
(Iopamiro 370, Bracco, Italy) was used as the echocardio- 
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Figure 2. ~wo-dim~~s~o~a~ ~c~~0 ~~~iO~~~~~~~ image of left venwic- 
alar short-axis. The perfusion territory ofthe left circumflex coro- 
nary artery, enhanced by the contrast sRect, isincluded between t 
4 o’clock and 10 o’clock positions. LV = left ventricle; RV = right 
ventricle. 
graphic ontrast agent in all expe~me~ts. So~icat~o~ was 
performed according to a well esta 
The microbubbles produce by this procedure are reported 
to have amean diameter of5.5 t 3 ,~m (23). One rui!li!$er of
the contrast agent was hand-injected as a bolus immediate!y 
above the mixing chamber. Hf e myocardial echo contrast 
effect appeared inadequate o sual examination, the dose 
of the contrast agent was doubled. 
E of coronary blood 
fbW adjusting the pump 
rate. At each flow level, the radiolabeled microspheres (and 
subsequently the echocardiographic contrast agent) were 
injected at the same injection point proximal to the mixing 
chamber. Because chocardiographic contrast agents may 
transiently alter the physiology of the coronary circulatian 
(24), the microspheres were always injected before the 
contrast agent. To test injection to injection variability, two 
contrast injections, eparated by >5 min, were performed at
each flow rate. To minimize heart motion, the respirator was 
tur n of the contrast agent. 
nt. Absolute flow val- 
ues of the cannulated left circumflex artery were obtained by 
the calibrated perfusion pump. In addition, beat by beat 
blood flow was monitored by an exrernal electromagnetic 
flow probe. To normalize absolute flow values for the mass 
of perfused tissue, approximately 1 x lo5 radioactive micro- 
spheres (IS-pm diameter) were injected into the circumflex 
artery at three to six different flow rates. The microspheres 
used were labeled with ‘53gadolinum, ‘13tin, ro3rubidium, 
%obalt “chromium t , 46scandium (Du Pont, New England 
into ffive to six transverse 
ram for each piece. 
ion of the stained area and 
ale heart, that is, the dose of injected 
age processmg 
contrast appearance and lasted for 22 s. To 
accuracy of data acquisition, the s quences of en 
images corresponding to each czrltrast injection were re- 
viewed in tine loop format, and questionable images were 
again digitized. The endocardial nd epicardial edges of each 
image were delineated by the operator and the center of 
gravity of the left ventricular cavity was 
identified. Starting from this point, the my 
automatically divided into 14 sectors of equal 
In each of these sectors, the s~mmated vi eodensity (in gray 
levels) and the area (in square pixels) were measured to 
obtain the mean videodensity (in gray levels/pixel). These 
values were transferred to a personal computer ( 
SE, Apple) for subsequent analysis (26). 
alysis ~~c~~ve§. Although videodensitometric analysis 
was performed inall sectors of the left ventricular short axis, 
only data corresponding to the central portion of the left 
circumflex perfusion territory were sampled. In the echo- 
graphic projection used (corresponding to a parasternal 
short-axis view), these sectors were posteriorly Iccated 
(sectors 4 and 5 of Fig. 3). This sampling avoided attenuation 
artifacts, which are commonly present in lateral regio 
A mean videodensity value of the area, correspondin 
sum of sectors 4 and 5, was obtained f(Jr eat 
these values were plotted against thecorresponding times to 
generate myocardial time-intensity curves (Pig 4). These 
curves exhibited a rapid ascending phase, a peak and a 
slower descending phase. Both background and peak con- 
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Fipre 3, Computerized analysis of the echocardiographic image
shown in Figure 2. The ventricular myocardium is automatically 
divided into 16 sectors of equal angle. 
trast intensity of each curve were measured. Visual exami- 
nation showed that the initial portion of the washout phase 
was linear. The observation of a rectilinear decay phase 
when data were plotted on a linear scale was interpreted as 
indirect evidence of the logarithmic compression that exists 
in commercial sector scanners (28). The relation between 
videodensity and time was tested in the linear portion of the 
washout phase of the curves by using least sqtiares linear 
regression analysis. The washout slope was then derived 
from the regression a,quation. Each curve was fitted by a 
amma variate function according to the equation y = 
Atemat, where A is a scaling factor, t is tir,le, e is the base of
naMal lo&arithms and CY is the measure of curve width (Fig. 
re 4. Myocardial contrast echo lime-intensity curve. Both 
intensity and time are displayed in a linear scale. The initial 
descending phase ofcontrast disappearance (washout) appears to be 
rectilinear. 
140 
0 5 10 15 20 25 30 35 
Time (seconds) 
y = A&t t-N 
Time (seconcls) 
Figure 5. Myocardial time-intensity curve fitted by a gamma variate 
function. A = scaling factor; t = time; e = base of natural 
logarithms; (Y = measure of curve width. 
5) (29). Peak contrast intensity, initial was 
alpha coefficient of curves were then co 
nary blood flow rates. 
$~atisti~~~ ~olysis. Least squares linear regression anal- 
ysis was used to test the relation between videodensity and 
hase of curves, to stu 
between the variables derived from curve analysis and 
coronary blood flow or pressure and to evaluate injection to 
injection variability. Multiple linear egression analysis was 
used to evaluate the relative ffect of coronary blood flow 
and perfusion pressure on myocardial echo contrast wash- 
out. 
Nemodynamic conditions. Data were collected at 25 dif- , 
ferenl evels of coronary blood flow, representing 3 to 6 
levels in each dog. A wide range of coronary flows rates was 
examined: from 0.5 nil!min per g up to 12.5 mllmin per g of 
myocardium. A wide range of coronary blood pressures was 
also explored: from 35 to 153 mm kig in systole and from 23 
to II4 mm Hg in diastole. With high flow rates, coronary 
pressure was equal to or slightly girdter than aortic pres- 
sure; conversely, with low flow rates, coronary pressure 
decreased below aortic pressure. Thus, the gradient be- 
tween aortic and coronary pressure ranged from t39 to 
-68 mm Hg. 
Feasibility. Because two injections of contrast agent 
were performed al each of the 25 flow rates, a tota! of 50 
contrast injections were given. Two contrast injections were 
not suitable for analysis owing to either the poor quality of 
the echocardiographic images or inadequate contrast effect; 
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Washout Slope 
. Icorrehion between the slope of initial myocard~a~ wash- 
out and coronary blood Row. 
25 to SO]) did not show any ~ig~i~cant correlation with 
coronary blood flow per gram of tissue (r = 0.13). The slope 
ial echo contrast washout (2.24 It 1.06, 
gray levels/pixel s) was higher with 
thus showing adi relation with coro- 
nary flow. The correlation of washout slope and coronary 
Bow was good (r = 0.89 for the total group [Fig. 61 and r = 
0.78 to 0.96 in individual dogs [Table I]), The correlation 
with coronary blood Wow per gram of tissue was not em- 
proved by fitting the time-intensity c 
variate function. In fact. the alpha co 
this analysis (mean 0.24 + 0.09 s-l [ran 
showed a correlation with coronary blood 
for the total group (Fig. 7), and I- = 0.61 to 
dogs ble 
E Of % eo~~~a~y reassures. The slope of 
the initial echo contrast washout also showed a good c rre- 
lation with coronary diastolic pressure (r = 0.80) (Fig. 8). TQ 
evaluate the relative weight of coronary blood f-low and 
perfusion pressure in influencing myocardial washout of 
sonicated iopamidol, these measures were compared with 
washout slope by mii!tiple linear regression analysis. Both 
variables showed a sigmhcant correlation with the slope of 
initial myocardial washout. However, coronary blood flow 
Coronary Blood Flow 6 
(ml:mln/g) 
6 
n = 46 
r = 0.78 
0 
0 .l .2 .3 .4 .5 .6 
Alpha Coefficient (sec.‘) 
inure 9. Cuselatioa between the alpha variable of myocardial 
time-intensity curves, firted by a gamma variate function, and 
coronary blood Row. 
artial F = 26.5, p < an thar of 
To evaluate the injec- 
rence in values from two consecutive 
Jted. We found a mean difference of9% 
averaged, and this value was then co 
blood flow. The resu 
correlation between 
of the very high nonphysiologic rates of coronary blood Row 
(~6 mllmin per g of myocardium) from The data analysis, the 
c~rre~ati~~ of myocardial echo contrast washout with coro- 
nary blood flow still remained significant, (r = 0.74 for 
contrast injections and 0.82 for the average of two paired 
injecttons). 
from myocardial contrast echocardiography are
coronary blood flow. Specifically, initial myoca 
contrast washout aPpesrs to be re!ated to coronary fiow. 
These results are in agreement with indicator~d~l~t~on 
Table 1. Correlations Between Contrast Echographic Variables and Coronary Blood Flow in the Six Study Dogs 
Total 
Correlation Coefficient Dog I Dog 2 Dog 3 Dog 4 Dog 5 Dog 6 Group 
Peak contrast intensity 0.69 0.80 0.71 0.19 0.44 0.39 0.13 
Washout slope 0.92 0.97 0.86 0.79 0.78 0.93 0.85 
Alpha coefficient 0.87 0.72 0.85 0.79 0.77 0.61 0.78 
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Diastolic Coronary 
Blood Pressure 6 
(mmH@ 
n = 48 
r = 0.80 
OJ ( 0 1 2 3 4 5 
Washout Slope 
Piglre 8, Correlation between the slope of initial myocardial wash- 
out and coronary blood pressure. 
ciplcs (30-33) and with previous studies on coronary blood 
flow based on the myocardial washout of radioactive tracers 
(34). They are also consistent with previous contrast echo 
studies, in which a prolonged myocardial washout was 
shown in the presence ofeither coronary underperfusion or 
severe coronary stenoses (5-B). 
The correlation between myocardial echo contrast wash- 
out and coronary blood flow was closer in this study than in 
previous tudies (6,B). A major factor in this improved 
accuracy might be the experimental model, in which contin- 
uous intracoronary infusion of adenosine permitted study of 
a wide range of coronary blood flow rates. Adenosine 
infusion might aiso have minimized changes inintramyocar- 
dial blood volume, thus favoring more accurate llow quan- 
titation (35). In addition to a wider range of coronary llow 
rates than those in previous studies, more contrast injections 
were performed. Finally, the improved technology during 
the last several years enhanced the accuracy of both data 
acquisition and analysis. 
In a previous tudy, the alpha coefficient, derived from 
the gamma variate fitting of curves, has been shown to have 
a correlation with coronary blood flow closer than that 
obtained by myocardial echo contrast washout (8). A good 
correlation of the alpha coefficient with coronary blood flow 
has been confirmed in this study; however, the correlation 
was not superior to &hat with washout slope, probably owing 
to different electronic signal processing implemented i  he 
different scannc*s. To display a wide range of echo contrast 
effect intensities, the electronic signal is logarithmically 
amplified in current echo cardiographic equipment. indirect 
evidence of this operation is shown in Figure 4, where the 
slope of the initial contrast washorlt appears to be rectilinear 
in a linear scale. According to the indicator-dilution theory, 
this downslope should be rectilinear in a semi-logarithmic 
seal:, suggesting that the logarithmic compression has al- 
ready occurred inside the instrument. A logarithmically 
compressed curve is probably not the ideal candidate for 
gamma variate fitting. In addition, logarithmic compression 
also varies with the gain setting controls. 
As recently demonstrated, bloo pressure i~flMe~ces the
intensity of the echo contrast effect (17,lB). The intensity of
the reflected ultrasound signal is exponentially related to the 
diameter ofmicrobubbles (19), which is reduced by increas- 
ing pressure. With these considerations i  mind, a para 
goal of our study was to assess whether co onary perfuse 
pressure could be a source of error in measuring 
through influence on myocardial echo contrast washout. We 
found a good correlation between initial contrast washout 
and coronary blood pressure et-, this correlation can 
be largely attributed to the ental model, in w 
changes in flow are paralleled by changes in pressure 
multiple linear regress ysis, cQro~ar~ bloo 
appeared tomore powe perfusion pressure i 
encing myocardial echo contrast washout. 
Some limitations of the study 
first relates to th 
model of continuous coronary vasodilation. 
cardial washout rate of the contrast agent could be infu- 
enced by changes in i~tramyocardial blood volume, all 
contrast injections were performed after abolishing co 
autoregulation by intracoronary adenosine infusion. 
collected inthis model, however, cannot be directly 
to different situations. Under physiologic conditi 
presence ofcoronary autoregulation, this app 
challenged by changes in intramyocardial blood volume, 
secondary tochanges in arteriolar tone. Additionally, even a 
continuous adenosine infusion does not ensure constant 
intramyocardial blood volume 1 because different degrees of 
perfusion pressure and intraventricular pressure ciin inllu- 
ence vascular capacitance (3638). 
The significance of myocartital echo contrast washout is 
still unknown. It isunclear whether the decrease inmyocar- 
dial echo contrast intensity only reflects the passage of 
microbubbles through the cororlary circulation or is also 
influenced by their decay. A reduction in the diameter of 
bubbles on the arterial side might reduce myocardial signal 
intensity as the bubbles pass through the microcirculation. 
Small albumin-encapsulated bubbles were shown to cross 
the microcirculation (39). However, it is unlikely that larger 
bubbles, uch as the ones used in this study, can freely cross 
the microcirculation without a modification i diameter. 
In this study, the principles of the indicator-dilution 
theory were applied to contrast echocardiography. It should 
be remembered that sonicated iopamidol cannot be consid- 
ered an intravascular free-passing tracer (40), as indirectly 
demonstrated by the prolonged myocardial transit times 
shown in Figure 4. Furthermore, the indicator-dilution the- 
ory requires a linear correlation between tracer concentra- 
tion and signal intensity that cannot be achieved nitb current 
sector scanners (28), in which the received ultrasound signal 
is heavily distorted at various tages of signal processing and 
display (27). Owing to these limitations, myQcardiaI echo 
contrast washout does not provide an exact flow measure- 
ment; rather, it is avariable related to coronary blood flow. 
The area of myocardium perfused by any given vessel 
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blood flow; with severe ischemia, myocardial perfusion may 
become iohomogeoeo~s, both transmurally and borizon- 
tally. 
Finally, the analysis of c 
arbitrary with regard to 
washout phase. Considerable injection to injection variabil- 
ity was also observed, which is in agreement wi h reported 
findings (42). This low reproducibility can be partly attrib- 
uted to the use of manual injections and co 
by using standardized power injectors ab 
constant input function. This limitation c 
overcome by averaging data relative t
injections, as is currently done when 
output by thermodilution (43). The Ii 
contrast echocardiography in the quantitation of coronary 
blood flow is evidenced by the observed variability in the 
computed flow values of 1 to I .5 mUmin per g; washout slope 
ranged between 0.87 and 1.85 gray levels/pixel per s and the 
alpha coefficient between 0.099 and 0.188 s-‘. 
nical implications. Myocardial contrast echocardiog- 
currently provides information relating to the spatial 
distribution ofmyocardial perfusion. In particular, it permits 
evaluation of the presence and extent of collateral circula- 
tion (13,14), the presence of viable myocardium (44) and the 
efficacy of angioplasty procedures (10) and coronary bypass 
grafts (15,16). This study in dogs shows the possibility of 
using the technique of contrast echocardiograph 
quantitative information on coronary blood 
method requires direct injection of contrast medium into the 
coronary circulation and provides only an assessment (not a 
measure) of coronary flow. However, it is proposed as a 
complement to routine coronary arteriography and the con- 
trast agent i  uses is already being used in humans (7). In the 
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